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ABSTRACT 

We study the galaxy population in the central region and a region about 0.6 Mpc 
away from the center of the Hydra I cluster in B- and i?c*-bands down toM~ —10 using 
the Subaru Suprime-Cam photometry. We find that the luminosity function of the entire 
population has a slightly steeper slope (a ~ —1.6) in the range of —20 < M < —10 
than those reported for other clusters in slightly brighter ranges. The slope appears 
to be steeper in poorer clusters. The number of faint galaxies (M > —14) increases in 
the cluster center as well as bright galaxies. The Hydra I cluster is dominated by red 
dwarfs and the luminosity function shows a significant upturn at M ~ —16 as is seen in 
several other nearby clusters, but not in the field. This upturn and the variation in the 
faint-end slope of the luminosity function may be caused by the cluster environment or 
the evolution history of individual clusters. 

Subject headings: galaxies: clusters: individual: Hydra I (Abell 1060) — - galaxies: 
luminosity function galaxies: dwarf 
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INTRODUCTION 



The galaxy luminosity function (LF) describes one of the fundamental statistical properties 
of galaxy populations and provides clues to the history of galaxy formation and evolution. The 
bright-end of LFs has been intensively studied for clusters of galaxies and in the field, but the 
observations of the faint-end of LFs are still few. To probe the faint-end of LFs, a large systematic 
spectroscopic survey is required. Therefore, observational studies of the faint-end of LFs are still 
limited to cluster members. Because deep photometry of clusters enables statistical evaluation of 
the faint population of cluster galaxies, if background/foreground contamination can be properly 
removed. Dwarf galaxies account for a large share of the cluster galaxy population. Despite their 
obvious importance, available observational studies of cluster dwarf galaxies down to M ~ —10 are 
still very limited and their properties as well as their role in cluster formation and evolution remain 
unclear. 

Studies of cluster dwarf galaxies are limited to nearby clusters, i.e., Virgo, Fornax, Perseus, and 
Coma, since dwarfs are intrinsically faint. Previous investigations of cluster LFs have shown that 
the number density of gal axies significantly incr eases at faint magnitudes, but with considerable 
cluster to clu ster variation. 
= 0.0036; lEbeling et al 
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Phill ipps et al.1 (119981 ) carried out an optical survey of the Virgo cluster 



to estimate the number of dwarf galaxies in this cluster. They 
obtained a LF with a very steep faint-end slope of a ~ —2.0 between —15 < Mr < —11 (the 
magnitudes quoted hereafter are adjusted to the following c osmology: Hp = 70 km s _1 Mpc~ ] 



Vt m = 0.3, and f^A = 0.7). The Forna x cluster LF (z = 0.0 046; lAbell et al.lll989l ) also shows a steep 
slope (a ~ —2.0) down to Mr ~ —12 ( Kambas et alj 2000 ). These results support cold dark matte r 
models dPress fc Schechteil974! : lwhite fc R,eeslll978J : lwhite fc Frenk!ll99ll : lLee fc Shandarinlll999h . 



which predict the formation of numero us low-mass dark ma tter halos (observed as low-luminosity 
galaxies) in the Universe. In contrast, ISabatini et al.l (120031 ) found that the Virgo LF has a slope 
of a ~ —1.6 in the m agnitude range of —15 < Mb 5-, —11, which is flatter than that found by 
Phillipps et aD (|l99sh . The Coma cluster (z = 0.0231: Istruble fc Roodlll999h . which is a rich and 
more distant cluster t han the Virgo, has a faint-end slope of a ~ —1.4 at — 19 < Mr < —11 
(jBernstein et al.l Il995l ). The Perseus cluster (z = 0.0179; IStruble Rood! Il999l ). another rich 
cluster, has si milar properties to the Coma clus ter, and it shows a fain t-end slope of a ~ —1.4 



at M B < -11 (|Conselice et alj 120021 ) . Recently, iTrentham et al.l (|2005l ) determined the field LF 
from the Sloan Digital Sky Survey (SDSS) galaxy samples, nearby group galaxies and Local Group 
galaxies. They showed that the faint-end slope of the field LF is a = —1.26 over the range of 
-19 < M R < -9. 

A goal of this study is to reveal the LFs down toM~ —10 in the Hydra I cluster (Abell 1060) 
at z = 0.0126 (jStruble &: Roodlll999), for which such a ve ry fai nt galaxy popu lation, at M ~ —10, 
has not been previously surveyed. iBaier fc Qleak! (|l983l ) and iRichterl (|1989l ) studied the galaxy 
distribution and redshifts of Hydra I. They found that Hydra I is apparently isolated in redshift 
space and member galaxies of Hydra I are not heavily contaminated by background/foreground 
galaxies. Therefore, this cluster is ideal for estimating LFs of member galaxies using statistical 
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background subtraction. Systematic uncertainties arising from the subtraction should be smaller 
than for other cluster fields. 

Many studies of LFs have revealed the presence of an abundant dwarf galaxy population in 
cluster environments. However, most such studies have observed only central cluster regions. The 
environmental dependence of properties and distribution of faint dwarfs remains unexplored. If 
dwarfs have been tidally stripped o r threshed via frequent interactions with bright galaxies (e.g., 



Moore et al.lll996l ; lBekki et al.ll200ll ). the cluster core may be where dwarfs strongly evolve. In this 
paper, we seek to examine faint dwarf galaxies in Hydra I and to investigate the environmental 
dependence of galaxy properties by comparing LFs in the cluster center with those in the outskirts. 

The structure of this paper is as follows. In §2, we describe our observations and data reduc- 
tion. In §3, we derive the background galaxy number counts and color distributions of galaxies 
for statistical background subtraction. We then present LFs of Hydra I and their environmental 
dependence in §4. Finally, we summarize the paper in §5. We adopt Hq = 70 km s _1 Mpc -1 , 
£l m = 0.3, and = 0.7. Magnitudes are on the AB system. We assume a distance to the Hydra 
I cluster of 53.8 Mpc and a distance modulus of 33.68 throughout this paper. 



OBSERVATIONS AND DATA REDUCTION 



Observations were made in March 2001 and November 2002. To probe ve ry faint dwarf galaxies 
in the Hydra I cluster, we use the Subaru Prime Focus Camera (Suprime-Cam: lMiyazaki et al.l l2002) 
on the Subaru telescope (jive et al.ll2004l ) at Mauna Kea, which covers a 34' x 27' field of view. We 
observed the central and peripheral regions of the Hydra I cluster (see Figure [1]) in B and Rc to 
investigate LFs in the different regions of the cluster. The peripheral region is located at about 0.6 
Mpc projected distance to the south of the central region. For each region, we obtained short- and 
long-exposure images to cover a wide luminosity range of sample galaxies. The observational data 
are summarized in Table [TJ 



T he images were red uced using the dedicated reduction software for Suprime-C am (lYagi et al 



2002a 



Ouchi et al.ll2004h and IRAF. Photometric standard fields, SA101 and SA107 (|Landoltll992l ) 



were observed to establish the photometric zero point during the run. We obtain accurate zero 
points for deep images, which were taken in March 2001 using the standard stars. We determine 
zero points for shallow images taken in November 2002 using relative photometry. To convert from 
the Vega system to the AB magnitude system, we adopt t he following transform ations: B(AB) = 
£(Vega) - 0.140 and i?c(AB) = i? c (Vega) + 0.169 (see iFukudta et ~al Il996h. The seein g size 
was about 1.1 arcsec throughout the observations. We use SExtractor (IBertin Arnoutsl ll996) 
to detect objects and adopt MAG_AUT0 for total magnitudes and 2 arcsec aperture magnitudes for 
colors. Regions around bright stars and giant galaxies, where the detection of faint objects fails, are 
masked out. The effective areas of the central and peripheral regions in Hydra I are 422 arcmin 2 
and 498 arcmin 2 , respectively. 
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Star-galaxy separation is performed on the basis of FWHM versus total ma gnitude diagrams 



Note that we may miss extremely compact objects such as ultracompact dwarfs (jDrinkwater et al 



2003); however, t hey comprise a very small fraction of member galaxies and we can ignore their con- 



tribution to LFs (Andreon &: Cuillandre 



2002; 



Drin kwater et al.ll2003l ). The Galactic extinction is 



corrected using the extinction map of lSchlegel et al.l (|1998l ). The 5a limiting magnitudes measured 
within 2 arcsec apertures are summarized in Table [TJ Because of the relatively poor seeing size of 
our data, star/galaxy separation is difficult at magnitudes fainter than tjir ~ 24.0. We calculate 
LFs in a wide range of magnitudes 12.7 < itlr < 23.7. The final composite B- and i?c-band images 
are sufficiently deep (we reach Mr = —10) to study low-luminosity dwarf galaxies. The -Rc-band 
is expressed as the -R-band for simplicity in what follows. 



CONTAMINATION SUBTRACTION 



To obtain the intrinsic LFs of cluster galaxies, we must correct for the number distribution of 
contaminant galaxies, which are mainly located behind the cluster. We use three different methods 
for subtracting the contamination galaxies depending on magnitude. Fo r the bright magnitude 



range , we use spectroscopic data from the literature (jRichter et al.1 LL982J; IChristlein fc Zabludofi 



2003 ); for the m iddle magnitude range, we use data from the Sloan Digital Sky Survey (SDSS; 
York et al.ll2000l ) to perform statistical subtraction; and for the faint magnitude range, we use data 
from the Subaru/XMM-Newton Deep Survey Field (SXDS; Sekiguchi et al. in prep.) 



3.1. Bright Magnitude Range: Use of Spectroscopic Data 



First, we use spectroscopic data from the literature (jRichter et al.lll982l ; IChristlein &: Zabludofi 



20031 ). which are taken from the NASA/IPAC Extragalactic Database (NED). Although the spec- 
troscopic identification of member galaxies is an effective way of eliminating contamination, spectral 
redshifts are not available for some galaxies. We estimate the number of bright Hydra I members 
as follows. For a given magnitude bin, the number of member galaxies is given by: 

at _ at j ^spec.mb x 

Jv mi) — JV spec.mb 'at i at 1 ^n-speci \ L ) 

^spec.mb ~T~ ^* spec.n-mb 

where N spec . m b is the number of member galaxies identified with spectroscopic redshifts, N S pec.n-mb 
is the number of nonmember galaxies with spectroscopic redshifts, and N n _ spec is the number of 
galaxies with no redshifts. The second term gives the expected number of member galaxies in 
N n -spec- We apply this estimation for a 12.7 < trr < 17.7 magnitude range in the central region of 
Hydra I to identify the member galaxies. In the peripheral region of Hydra I, we adopt a magnitude 
range of 12.7 < rriR < 15.7, somewhat shallower than that of the central region due to the poor 
spectroscopic sampling. 
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3.2. Middle Magnitude Range: Use of SDSS Data 

Second, we use data from the SDSS to estimate the number of contaminant galaxies at a 
given magnitude for statistical subtraction. The SDSS covers a quarter of the whole sky and such 
large survey data are suited for statistical subtraction of contamination since the effects of large- 
scale s tructures are minimized. We e xtract photometric data from the public data release four 



(DR4; I Adelman- McCarthy et al.1 120061 ). We then transform the SDSS photometry into B and R 
magnitudes using the recipe provided on the SDSS Web site (Lupton's equation). The magnitude 
distribution of galaxies is normalized to the effective surface area of the central and the peripheral 
regions. We evaluate the number of contaminant galaxies in each field at a given magnitude 
bin and statistically subtract them to obtain a LF of cluster members. We apply this statistical 
contamination subtraction for magnitude ranges of 17.7 < Mr < 19.7 and 15.7 < Mr < 19.7 for 
the central and peripheral regions, respectively. 

To evaluate the effects of cosmic variance, we randomly place an aperture with areas equivalent 
to those for the Hydra central or peripheral region to extract galaxies in the SDSS survey region. 
We perform the galaxy number count 100,000 times and evaluate the cosmic variance. The cosmic 
variance is found to be comparable to the Poisson error within ±10%. We therefore have confirmed 
that our discussions presented below are unaffected by cosmic variance. 



3.3. Faint Magnitude Range: Use of SXDS Data 

Third, we use public data from the SXDS archive, which is a wide and deep survey of an 
approximately one square degree region of the sky. The SXDS is a blank field survey (i.e., no 
nearby clusters) and therefore it is suited for estimating the population of faint background galaxies 
for subtraction. Note that the imaging data of the SXDS are taken with the same filters as our 
data and no additional error is introduced from band transformation. The 5a limiting magnitudes 
measured within 2 arcsec apertures are tub = 27.5 and mjj = 26. 8 respectively. The s eeing size was 



0.7 - 0.8 arcsec. The Galactic extinction is estimated based on ISchlegel et al.l (|1998l ). We use the 
results from this SXDS field for the statistical subtraction of the galaxy background in the fainter 
magnitude range of 19.7 < niR < 23.7 for both the central and the peripheral regions. 



3.4. The Galaxy Number Counts 

We check whether the background galaxy number counts from the SDSS and SXDS data are 
consistent in the overlapping magnitude region. Figure [2] shows the galaxy number counts in 0.5 
mag bins in the B- and i?-bands in other fields from the literature as well as the Hydra central 
region. At mg ~ 21 and rriR ~ 20, we see the consistency of the field galaxy number counts 
from the SDSS and SXDS data. Compared to other field galaxy samples from previous studies 
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2001 



Kiimmel Wagner 



2001 



(e.g., [Hevdon-Dumbleton et al.1 Il989l ; iBertin fc Dennefeldl Il9971 ; lArnouts et al.l l200ll ; lYasuda et al 



), the galaxy number counts that we calculate using the SDSS and 
SXDS data are consistent at 16.0 < mg < 24.0 and 15.0 < rriR < 24.0. At bright magnitudes 
(tub < 20.0 and mjj < 19.5), the SXDS data points (triangles) fall below the SDSS data and 
the other works. This is caused by the saturation of bright galaxies in the SXDS field. At faint 
magnitudes ( 20.5 <C tor < 24.0 and 20. < tor < 24.0), the SXDS p oints are consistent with 
Capak et al.l ([200J), lArnouts et all (|200lh and lKummel fc Wagner! (hoOlh . 



To discuss the environmental dependence of galaxy properties, we separate the Hydra member 
galaxies into red and blue galaxies. Our prescription to divide red and blue galaxies is described 
below. We measure galaxy colors within 2 arcsec apertures for the Hydra, SDSS, and SXDS 
samples. For SDSS, we derive 2 arcsec aperture colors from radial profiles of galaxies (PhotoProfile 
in the Catalog Archive Server). The SDSS observations are made under various conditions and 
the aperture photometry may not be suitable for measuring galaxy colors in SDSS galaxies. To 
examine the effect of aperture sizes, we adopt a color measured for the entire galaxy ('model' colors) 
and a color in 1.3 arcsec apertures and compare how our results change. In fact, the results are 
essentially unchanged. We therefore adopt 2 arcsec aperture colors for all the samples. 

We present color-magnitude diagrams (CMDs) of Hydra I and the control fields (SDSS and 
SXDS) in Figure EJ The open circles in Figure [3] are the spectroscopic member galaxies. The lines 
indicate the least-squares fit to the color- magnitude relation (CMR) of early- type (E/S0) member 
galaxies in the center of Hydra I. The fitted relation is 



(B-R) = (-0.071 ± 0.012)TO fi + (2.25 ± 0.19). 



(2) 



In addition to deriving the LF of all member galaxies (total LF), we derive LFs of red and blue 
galaxies. We separate the member galaxies of Hydra I into red and blue galaxies based on their 
color-magnitude relation shifted by A(B — R) = —0.2. (Note that our results remain unchanged 
if we define the red/blue separation as A(B — R) = —0.1.) This red/blue separation is based on 
the assumption that the color- magnitude relation is linear do wn to very faint magn itudes, and this 
relation is observed to be linear at least down to Mr = — 14 (jAndreon et al.ll2006l ). The results of 
Adami et al.l (120061 ) suggest that low-luminosity galaxies down to Mr ~ —11 in the Coma cluster 
(z = 0.0231) still follow the CMR. Therefore, the assumption appears reasonable. We thus have 
confirmed that the number counts of red and blue galaxies from the SDSS and SXDS data are 
consistent in the overlapping magnitude regions. 



4. RESULTS AND DISCUSSION 



A LF describes a magnitude distribution of galaxies a nd provide s a con venient index for com- 



paring of galaxy populations in different environments. ISchechterl (| 19761 ) proposed a practical 
analytic expression for a galaxy LF. The Schechter function has three parameters: the characteris- 
tic absolute magnitude M* , the faint-end slope a, and the normalization number density (f>* . The 
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LF of nearby cl usters (including the Hydra I cluster) is found to have a characteristic magnitude 

of M* 20.5 (jYaei et al.ll2002bl : Ichristlein fc ZabludoflJbood ). We derive LFs over a magnitude 

range of —20 < Mr < —10. We focus on the faint-end of LFs and quantify LFs with only one 
parameter, a. We examine (1) total (red + blue) LFs and (2) red/blue LFs in the central and the 
peripheral regions. 



4.1. Total LFs in the Hydra I Cluster 



We obtain the LFs of the Hydra I cluster down to M ~ —10 for the B- and i?-bands as shown 
in Figure [H Note that LFs of the peripheral region are normalized to the effective surface area of 
the central region. 

We fit the LFs with a power-law model. The best-fit models have a = —1.59 ± 0.03 (—19.0 < 
M B < -10.0) and a = -1.64 ± 0.02 (-21.0 < M R < -10.0) in the central region in the entire 
magnitude range. In the peripheral region, the best-fit slopes are a = —1.61 ±0.03 (—20.0 < Mr < 
-10.0) and a = -1.62 ±0.03 (-21.0 < Mr < -10.0), respectively. The slope, a ~ -1.6, is steeper 
than the faint-end slope of the composite LF in nearb y clusters (including Hydra I) reported by 
Yagi et alJ (|2002bl ). a = -1.31 at -22 < M R < -15, or Ichristlein fc Zabludofil (|2003l ). a = -1.21 
at —22 < Mr < —16. It should, however, be noted that we reach ~ 5 mag deeper than the previous 
studies. As shown in Figured! the LFs are steeper (a ~ —1.6) at Mr > —16.5, while the LFs are 
flatter (a ~ —1.0) at Mr < —16.5. We conclude that the faint-end slope a in the LFs of Hydra is 
rather steep (a ~ —1.6) at a faint magnitude of M > —16 in the B- and -R-bands. 



Popesso et al.1 (|2005l ) found an upturn of the dwarfs and steepening of the LFs at the faint-end 



i n the five SDSS photometric bands for 114 clusters in the redshift range 0.002-0.45. iTrentham et al 



(|2005l ) reported on a composite LF in nearby clusters over a range of —25 < Mr < —9 and also 
found the upturn of the LF at Mr ~ —16. In Figure HI the upturn due to dwarfs is also seen at 
M ~ — 16, which is in broad agreement with previous studies. Note that the upturn of the faint 
galaxies in Hydra I appears at the magnitude threshold at which we change the contamination 
subtraction scheme. As a consistency check, we carry out the statistical background subtraction 
for galaxies at -20.0 < M B < -13.0 and -21.0 < Mr < -14.0 using the SDSS data set only. We 
again find that our LFs show the upturn at ~ —16 mag in the B- and i?-bands. Therefore, the 
upturn is not caused by statistical error in the background subtraction, but is a real trend. 

We find no significant difference in the slopes of LFs in the different environments of the central 
and peripheral regions. The number of bright galaxies in the LFs of the central and peripheral 
regions at Mr < — 16 and Mr < — 15 are not different within the errors. However, the numbers 
of galaxies at the faint-end (Mr > —16.0, Mr > —15.0) differ slightly between the central and 
peripheral regions. The number of faint galaxies at Mr > —16.0 or Mr > —15.0 in the central 
region is larger by 37% compared to that in the peripheral r egion. Giant galaxies are known to be 
more common in the cluster center ()De Propris et alJl2003l ). We find that the numbers of dwarf 
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galaxies also increase in the cluster center. We note that th e peripheral region accide ntally includes 
the local peak of galaxy distribution as shown in Figure [5] (jFitchett &: Merrittlll988l ). Accordingly, 
the number of galaxies in the peripheral region must be larger than the average for the regions at 
the same radial distance from the center. The value of 37% should therefore be considered as a 
lower limit. 

We compare the LFs of the Hydra central region with those in nearby clusters from the 
literature. The tota l LF of the Coma c luster has a faint-end slope of a ~ — 1.41±0.05 at Mr < —12 
(jSecker et al.lll997l ). IConselice et all (|2002l ) found a faint-end slope of a = -1.44 ± 0.04 in the 
Perseus cluster in the magnitude range Mb < — 11. The LF in the Fornax cluster indicate s a rather 
steep slope (a ~ —2.0) down to Mb ~ — 12 (jKambas et al.ll2000l ). ISabatini et al.1 (|2003l ) reported 
that the faint-end slope of the LF in the Virgo cluster is a = —1.6 to —1.7 (—15 < Mb < — 11). 
Note that the slope of the LF in the Hydra cluster remains constant (a ~ —1.6) at —16 < M < —10 
(see Table [2]). The LF slopes may vary from cluster to cluster at such faint magnitudes. 

We summarize the faint-end slopes for nearby clusters in Table [2j To examine the correlation 
between cluster richness and faint-end slope (a), we also show the X-ray luminosities (Lx)- It 
appears that a increases with Lx- The LFs derived by previous studies come from various regions 
of the cluster. Some probed only the cluster cores, while others probed the cores as well as outskirts. 
The observed variation might be caused by the variation in the area coverage. However, the 
difference in a between the central and peripheral region in Hydra I is very small (Aa ~ 0.02). It 
is therefore unlikely that the variation in area coverage causes the large variance in a, if a variation 
between the central region and the outskirts of other clusters in general is as small as that observed 
in Hydra I. Although it is premature to draw any physical interpretation from the a variation 
among different clusters, it could be related to the formation histories of clusters as discussed in 
the next subsection. 



4.2. LFs of Red/Blue Galaxies in the Hydra I Cluster 

We study the LFs of red and blue galaxies in the two different regions to examine the environ- 
mental dependence for galaxy colors. We divide galaxies into red and blue galaxies on the basis of 
their B — R color and derive LFs in the same way as the total LFs. 

The red and the blue LFs of Hydra I are shown in Figure [6l We find that the red LFs are 
similar to the total (red+blue) LFs (see Fig. 0|) in both B- and -R-band. The best-fit line of the 
red LF is a ~ —1.7 in the central and the peripheral region at overall magnitudes. The number of 
red fain t galaxies (Mr > — 16 ) in the central region is about 30% larger than that in the peripheral 
region. iFerguson fc Sandagd (|1988l ) also reported that an excess of red dwarfs is seen down to 
Mb t ~ —12 in the cluster region for Fornax and Virgo compared to the outskirts. The blue 
LFs in the central and peripheral regions are similar, although they suffer from uncertainty in the 
background subtraction at very faint magnitudes (Mb > —13, Mr > —14). 
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The number of red dwarf galaxies in both the central and the peripheral regions is large 
compared to blue dwarf galaxies. The ratio of red to blue galaxies is 2.9 at —16 < Mr < —13 
or 5.9 at —16 < Mr < —14 in the central region, while it is 2.9 at —16 < Mb < —13 or 5.1 at 
— 16 < Mr < —14 in the peripheral region. The number of red dwarf galaxies is more than ~ 3 
times larger than the number of blue ones and are the dominant population in clusters even at 
M ~ -10. 

In Figure [6j we cannot confirm a clear excess of blue dwarf galaxies in the central region 
compared to the peripheral region, unlike for red dwarfs. The number fraction of blue galaxies in the 
central region is slightly larger than that of the peripheral region, but the difference is modest, less 
than 10% at —21 < M < —13. Thus, it appears that the population of blue dwarf galaxies does not 



strong ly depend on environment, unlike the red population in the Hydra I cluster. iDe Propris et al 



(J2003J) examined the environmental dependence of LFs of giant galaxies (M^ < —16) based on the 



2dF data. It is interesting that they also found that environmental dependence of LFs is different 
for red and blue galaxies. Therefore, properties of galaxies may depend on the environment over a 
wide magnitude range of M < —10. 

An excess of red galaxies over blue ones in the center of the cluster is probably associated 
with gravitational encou nters with brighter galaxies and tidal heating by 'galaxy harassment' 
(jMoore et alJll99a . 11998). This process is effective for disk- dominated galaxies. Harassment may 
destroy the disk structure and transform these galaxies into faint dwarf galaxies. Star- formation 
activity should be significantly weakened during interactions. We find that the red to blue galaxy 
ratio in the peripheral region is about 30% - 40% smaller than that in the central region. High- 
density environments such as the centers of clusters may be more effective in transforming blue 
galaxies into red ones. 



Hilker et al.l (120031 ) found an upturn in the LF of red dwarf galaxies in the Fornax cluster 
at My ~ —14. T he upturn of LFs fro m — 14 to —16 mag is a lso seen in the Coma and the 



Perseus cluster (see Bernstein et al 



is observed in the field (pones et al.ll2006l : iBlanton et al. 



1995 and 



Conselice et al. 

2005; 



2002, respectively). No such upturn 



Trentham et al.ll2005l ). This suggests 



that the upturn is unique to cluster environments. We find that red galaxies dominate over blue 
galaxies in the Hydra I cluster down to M = —10. Therefore, the upturn is likely due to the 
generation of faint red galaxies, which are presumably related to cluster environments. Tidal 
interactions such as harassment should occur frequently in clusters, and many galaxies are probably 
transformed into red galaxies, which possibly form the observed upturn. However, to firmly identify 
the cause of the upturn, it is necessary to compare red dwarfs around M ~ —14 in clusters with 
those in the field. We need more detailed information about such dwarfs to verify the scenario we 
suggest here. We plan to carry out a spectroscopic survey of such dwarfs. 

The number of dwarf galaxies s hould also be closely related to the fo rmation histories of 



clusters. Cluster-cluster mergers (e.g. iMiller fe Owen 



2003 



Owen et al.ll2005l ) may have a strong 



impact on the production of dwarf galaxies due to strong dynamical interactions. If a cluster is 
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formed relatively quietly through a gradual accretion of field galaxies, we may expect the number 
of dwarf galaxies to be small. However, if a cluster is built up with vigorous cluster-cluster mergers, 
a large number of dwarf galaxies may be seen. The variation of the very faint-end could reflect a 
variation in cluster formation histories. 



5. SUMMARY 

In this paper, we investigate the B- and i?c-band LFs in the Hydra I cluster over a magnitude 
range from ~ —20 down to ~ —10 in its central and peripheral regions to examine the environmental 
dependence of galaxy properties. 

Our primary findings are as follows. 

• We find that the faint-end slopes of LFs in the Hydra I cluster are a ~ — 1.6 at the magnitude 
range of —20 < M < — 10 in both B- and Rc- bands. The faint-end slopes of the LF of other 
nearby clusters, e.g., Virgo, Fornax, Perseus, Coma, and the presently studied Hydra I, are 
not identical; in particular, the slope seems to be steeper in poorer clusters. 

• Although the slope of the LF shows no larger differences between the central and peripheral 
region, a small difference exist in the number of faint galaxies (M > —14) in the two regions. 
In this range, the number of dwarfs in the cluster central region increases by about 40% 
compared to that in the peripheral region. 

• The LFs of red and blue galaxies, which are separated in the color-magnitude diagram, show 
that (1) the Hydra I cluster is dominated by red galaxies in both central and peripheral 
regions down to —10 mag, (2) the variation of the shape of the LF in the faint magnitude 
range is due to red rather than blue dwarfs, and (3) blue dwarf galaxies do not strongly 
depend on the environment compared to red dwarf galaxies. 

• The upturn in the total and red LFs at M ~ —16 is unique and common to cluster envi- 
ronments, since field LFs show no such upturns. The upturn may be caused by strong tidal 
interactions (such as harassment) in clusters. 
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Table 1. Observational Data 



Region 


R.A. 


Dec. 


Band* 


Exp. Times 


Lim. Mag. 


Seeing 




(J2000.0) 


(J2000.0) 




(sec X shots) 


(5a) 


(arcsec) 


Central 


10 h 36 m 13 s 


-27°25'04 " 


B 


600 x 3 


25.9 


1.1 








Rc 


300 x 4 


25.1 


1.0 








B 


120 x 4 


24.7 


1.1 








Rc 


60 x 4 


24.3 


1.1 


Peripheral 


10 h 35 m 22 s 


-28° 24' 30 " 


B 


600 x 3 


26.0 


1.1 








Rc 


300 x 4 


25.5 


1.0 








B 


120 x 4 


23.9 


1.2 








Rc 


60 x 4 


24.5 


1.1 



"The central wavelengths are 440nm for the B-band and 650nm for the ij^-band. The 
-Rc-band is denoted as i?-band for simplicity in this paper. 
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Table 2. Faint-end LF of Nearby Clusters 



Cluster 


z 


Lx* 
(10 44 erg s- 1 ) 




Mag. Range 




Area 
(Mpc 2 ) 


Reference 


Virgo 


0.0036 a 


0.21 d 


— 1.6 ± 0.1 


-15 < M B < - 


-11 


1.69 


Sabatini et al. 2003 








— 2.18 ± 0.12 


-15 <M R <- 


•11 


0.09 


PhilliDDS et al. 1998 


Fornax 


0.0046 6 


0.04 e 


2 


M B < -12 




1.69 


Kambas et al. 2000 


Hydra 


0.0126 c 


0.28 e 


-1.59 ± 0.03 


-19 < M B < - 


10 


0.09 


This work 








-1.64 ±0.02 


-21 < M R < - 


•10 


0.09 


This work 




0.0126 c 


0.28 e 


-1.56 ± 0.04 


-16 < M B < - 


-10 


0.09 


This work 








-1.60 ±0.03 


-16 < M R < - 


-10 


0.09 


This work 


Perseus 


0.0179 c 


8.31 e 


-1.44 ±0.04 


-20 < M B < - 


-11 


0.09 


Conselice et al. 2002 


Coma 


0.0231 c 


4.04 e 


-1.42 ± 0.05 


-19 <M R <- 


-11 


0.04 


Bernstein et al. 1995 








-1.41 ± 0.05 


-19 < Mr < - 


12 


0.49 


Seeker et al. 1997 



*Lx of each clusters in the 0.1-2.4 keV band 

febeling et~aT1ll998l 

lAbell et al]|l989l 

IStrubfe fc Roodlll999l 

iMatsumoto et al.ll200ol 

' iReiprich fc Bou mlhringcr 2002 



Fig. 1. — The Digitized Sky Survey image of the Hydra I cluster. North is in the upward direction. 
The rectangles show the central and peripheral regio ns. The circle indicates the virial radius (V200) 
of the cluster estimated from its velocity dispersion (jStruble fc Roodlll99ll ). The 0.5 Mpc scale is 
shown at the top-left. 
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Fig. 2. — Number counts of galaxies as a function of magnitude in the B- (left) and i?-bands 
(right). The stars indicate the galaxy counts of the central region in the Hydra I cluster. The 
triangles and circles show the SXDS and SDSS galaxy counts, respectively. A lack of triangles at 
bright magnitudes (mg < 20.0 and iur < 19.5) is due to image saturation. 
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Fig. 3. — The CMDs (B — R vs. m,R ) in the Hydra I cluster. Galaxies in the central region, the 
peripheral region, the SDSS and SXDS are plotted from top to bottom. The open circles are the 
spectroscopic member galaxies. The dot-dashed lines represent the CMR. We separate red and blue 
galaxies based on this line shifted by A(B — R) = —0.2 as indicated by the solid line. The slanted 
dashed lines show the 5a limiting color. Note that in the SDSS and SXDS plots, the numbers of 
galaxies are normalized to the effective surface area of the central region, and galaxies are randomly 
extracted from photometric catalogs and plotted. 
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Fig. 4. — Total LFs in the central region (filled circles) and the peripheral region (open circles) 
in the Hydra I cluster. The top and bottom panels show the B- and i?-band LFs, respectively. 
The error bars are based on Poisson statistics. Note that the circles with the dotted error bars are 
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Fig. 5. — Contour m ap of the number density of galaxies in the Hydra I cluster by 
Fitchett k MerrittJ (119881 ). The size of each circle is proportional to the luminosity of galaxies 
from iRichterl ( 1987 ). The rectangles show the central and peripheral regions, respectively. 
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Fig. 6. — Red and blue LFs in the central region (filled symbols) and the peripheral region 
(open symbols) in the Hydra I cluster. The top and bottom panels denote the red and blue LFs, 
respectively. The left and right panels show the B- and i?-band LFs, respectively. The error bars 
are determined in the same way as for Fig. [H Note that blue LFs suffer from the uncertainty in 
the background subtraction at the very faint magnitude range (Mb > —13, Mr > —14). 



